Introduction
Secretogranin III (Scg3) was first identified in 1990 as a product of the mouse neuron-specific 1B1075 gene [1] , and later renamed secretogranin III (SgIII) based on its biochemical properties [2] . In the next 26 years, Scg3 was exclusively investigated as a vesicle protein that intracellularly Abstract Secretogranin III (Scg3) is a member of the granin protein family that regulates the biogenesis of secretory granules. Scg3 was recently discovered as an angiogenic factor, expanding its functional role to extrinsic regulation. Unlike many other known angiogenic factors, the pro-angiogenic actions of Scg3 are restricted to pathological conditions. Among thousands of quantified endothelial ligands, Scg3 has the highest binding activity ratio to diabetic vs. healthy mouse retinas and lowest background binding to normal vessels. In contrast, vascular endothelial growth factor binds to and stimulates angiogenesis of both diabetic and control vasculature. Consistent with its role in pathological angiogenesis, Scg3-neutralizing antibodies alleviate retinal vascular leakage in mouse models of diabetic retinopathy and retinal neovascularization in oxygen-induced retinopathy mice. This review summarizes our current knowledge of Scg3 as a regulatory protein of secretory granules, highlights its new role as a highly disease-selective angiogenic factor, and envisions Scg3 inhibitors as "selective angiogenesis blockers" for targeted therapy.
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regulates the biogenesis of secretory granules. Despite the presence of a classical signal peptide for extracellular trafficking, possible extrinsic regulatory function(s) of Scg3 has been largely ignored. This situation has now changed with the recent discovery that Scg3 is a novel angiogenic and vascular leakage factor with unique disease selectivity [3] . Scg3 was found to selectively bind to and induce angiogenesis of diabetic but not normal vessels. To our knowledge, such high selectivity is a unique property of Scg3, not seen in other angiogenic/leakage factors in diabetes, and raises an interesting question: What may be the selective advantages of a pro-angiogenic factor in terms of its pathological role and therapeutic potential. This review summarizes current knowledge of Scg3 in the biogenesis of secretory granules and emphasizes its new role as a novel endothelial ligand in vascular diseases. We highlight the new trend of developing disease-selective anti-angiogenesis therapies and discuss Scg3 as a highly disease-selective angiogenic factor and its potential for targeted therapy. Other members of Scg3 family covered by several excellent recent reviews [4] [5] [6] [7] will be discussed mainly for their related roles in vascular homeostasis.
The granin family
Many hormones, growth factors, neuropeptides, neurotransmitters, and enzymes are secreted from endocrine, neuroendocrine, and neuronal cells through the trans-Golgi network (TGN). Secretion can be constitutive or regulated by external stimulation. Proteins destined for the secretory pathway are synthetized in the rough endoplasmic reticulum, transported to the TGN, and sorted into dense core secretory granules (DCGs), for example, the chromaffin granules of the adrenal medulla. In these DCGs, secretory proteins, such as catecholamines in adrenal chromaffin granules, are highly condensed and can reach levels of 0.5-1.0 mM [8] . Chromogranin A (CgA) in DCGs represents up to 50% of the soluble protein content of adrenal chromaffin granules at concentrations reaching 2 mM [9] [10] [11] . The condensation process is part of the biogenesis of secretory granules and requires the coordination of several granin family members, including CgA, chromogranin B (CgB), secretogranin II (SgII or Scg2), and Scg3 [6, 12] .
CgA is the founding member of the family and was initially identified in adrenal chromaffin granules in 1967 [10] . Since then, the granin family has been expanded and is now composed of CgA, CgB, Scg2, Scg3, and HISL-19 antigen (SgIV) [13] , neuroendocrine secretory protein 7B2 (SgV), NESP55 (SgVI), nerve growth factor inducible protein VGF (SgVII), and proSAAS (SgVIII) [5, 6] . Criteria for the granin family are arbitrarily selected based on their biochemical and structural characteristics rather than sequence homology. Scg3 shares little protein sequence homology with its family members (19-29% identity) ( Table 1) or any other proteins. Common properties of the granin family include localization to secretory vesicles, acidic isoelectric point (pI), calcium-binding activity, propensity to form aggregates, and the presence of multiple dibasic cleavage sites. These classification criteria are not entirely unique, and granins typically share several similarities to neuropeptides or prohormones in secretory vesicles [14] .
Granins may undergo cell-or tissue-specific processing in secretory granules. CgA can be processed into at least 11 different peptides (Fig. 1a) [5, 15] . The cleaved peptide products are composed of vasostatin 1 and 2, pancreastatin, catestatin, parastatin, chromacin, chromofungin, chromostatin, serpinin, WE14, and GE25. As discussed further below, vasostatin and catestatin have specific roles in regulating angiogenesis. CgB can be cleaved into a number of different peptides, such as PE11 [16] , secretolytin [17] , and BAM-1745 [18] . Scg2 is a precursor for secretoneurin [19] .
Xenopus Scg3 (xScg3) with a predicted MW of 50 kDa is expressed as a 61-or 63-kDa protein with N-glycosylation and can be processed to 48, 28 , and 20 kDa [20] . Only the cleaved products of xScg3 are secreted. Murine Scg3 with a predicted MW of 51 kDa is secreted as a 53.3-kDa protein without proteolytic cleavage [21] . Human Scg3 (hScg3) has a pI of 4.94 and 7 dibasic peptide sites for potential proteolytic cleavage (Fig. 1b) , but seems to be secreted also without proteolytic cleavage [22] .
Diverse functional roles of granins and their derivative peptides
Granins and their peptides regulate a broad spectrum of biological activities, including secretion, metabolism, vascular homeostasis, blood pressure, cardiac function, cell adhesion and migration, and innate immunity [5] [6] [7] . Whereas this review is focused primarily on the roles of granins in secretion and vascular homeostasis, we present below a brief overview of their roles in the regulation of other important biological activities. For a wider coverage of these areas, readers are referred to excellent reviews [5, 6, 15] . CgA-derived pancreastatin possesses multiple dysglycemic activities, including inhibition of glucose-induced insulin release from pancreatic β-cells, inhibition of glucose uptake by adipocytes and hepatocytes, and induction of glycogenolysis [23] [24] [25] . These activities have been confirmed in humans and through studies in CgA-knockout mice [26, 27] . CgA-derived catestatin is a potent endogenous antagonist of nicotine cholinergic receptor and inhibits nicotine-evoked catecholamine secretion in an autocrine fashion [28] . Catestatin is also a potent vasodilator by stimulating histamine releases with augmented H1 receptor activity and increased plasma epinephrine [29] . Catestatin stimulates chemotaxis of human peripheral blood monocytes by a pathway involving phosphoinositide-3 kinase and nitric oxide [30] . Catestatin and chromofungin directly inhibit growth of fungi, yeast, and bacteria, and regulate calcium influx in neutrophils [31] . CgA plays an important role in the regulation of blood pressure, either directly or indirectly via its bioactive peptides [32, 33] .
Scg2-derived secretoneurin induces the release of neurotransmitters and luteinizing hormone [34, 35] , and is a potent chemotactic factor for monocytes, eosinophils, and endothelial cells [36] . In acute T cell-mediated encephalomyelitis, secretoneurin immunoreactivity is associated with a clustering of macrophages but not T lymphocytes [37] .
VGF is a multifunctional protein. VGF-deficient mice display a lean, hypermetabolic, and hyperactive phenotype with reduced circulating glucose and insulin [38] [39] [40] . Increased sympathetic nervous system activity in VGF -/-mice may be responsible for alterations in energy expenditure and reduced fat storage. Intracerebroventricular administration of VGF-derived peptide TLQP-21 in mice increased energy expenditure and body temperature without altering circulating thyroid hormones (free T3 and T4) and prevented highfat diet-induced obesity [41, 42] . Intracerebroventricularly injected TLQP-21 inhibited gastric emptying, decreased gastric acid secretion, and reduced ethanol-induced gastric lesion in rats [43] [44] [45] . These functional activities were inhibited by cyclooxygenase (COX) inhibitors, suggesting the involvement of prostaglandins. C-terminal VGF-derived peptides suppressed angiotensin II-induced vasopressin secretion, stimulated the release of neuropeptides and neurotrophins, and induced electrical potentiation in hippocampal neurons [46] [47] [48] .
VGF is abundantly expressed in neurons of both sympathetic and spinal sensory ganglia [49] and upregulated in dorsal root ganglia and spinal cord after sciatic nerve transection or in other neuropathic pain models [50] [51] [52] . Intraplantar or intrathecal injection of C-terminal VGF-derived peptides induced hyperalgesia or hypersensitivity in different models of pain [50, 52, 53] . Injection of VGF-derived peptide TLQP-62 or AQEE-30 into the hippocampus in rodents promoted an antidepressant-like activity but did not affect anxiety-or novelty-induced locomotor activity [54, 55] . VGF-deficient mice have increased immobility with impairment in contextual fear-conditional learning and spatial learning [46, 54] . In addition, administration of C-terminal VGF-derived peptide AQEE-30 or LQEQ-19 into the hypothalamus enhanced nitric oxide production and facilitated penile erection in male rats [56, 57] . This functional activity was partially inhibited by pretreatment with a nitric oxide synthase inhibitor. Consistently, male VGF-knockout mice are infertile [38] .
The granin 7B2 is critical to regulate the catalytic activity of prohormone convertase 2 (PC2). 7B2 functions as a molecular chaperone that binds to PC2 and prevents its unfolding and aggregation in the secretory vesicles [58] . PorSAAS is a potent inhibitor of PC1/3 [59] .
To summarize this section, granins and their derivative peptides play important roles in regulating a large number of physiological and pathological processes. Because there is minimal sequence homology between Scg3 and other granins (Table 1) , the diverse activities of the granin family discussed above may have limited implication to guide the functional study of Scg3.
The role of intracellular Scg3 in secretory granule biogenesis
Scg3 is one of the least studied members in the granin family. hScg3 and mouse Scg3 (mScg3) have 449-amino acids with additional signal peptides at their N termini. Scg3 is well conserved during evolution, from fish to mammals; hScg3 and mScg3 share 88.3% identity in protein sequence.
Scg3 is abundantly expressed in the brain [1] and was initially implicated in secretory processes because of coordinated mRNA upregulation of both Scg3 and the prohormone proopiomelanocortin in stimulated pituitary cells [60] . Since then, Scg3 has been exclusively investigated as a granin family member for the biogenesis of secretory granules. Scg3 binds strongly and selectively to CgA at pH 5.5 and 10 mM Ca 2+ , conditions that mimic the intragranular milieu [61] . Deletion of the Scg3-binding domain in CgA results in CgA missorting to the constitutive pathway, suggesting that Scg3 functions as a sorting/retention receptor for CgA to secretory granules [61] . On the other hand, deletion of the CgAbinding domain from Scg3 does not alter the intracellular trafficking of Scg3, which can still be transported to secretory granules [61] . Despite the absence of a transmembrane domain, Scg3 directly binds to liposomes in a cholesteroldependent manner [62] . Binding of Scg3 to the secretory granule membranes purified from AtT-20 cells is drastically reduced when cholesterol is depleted from the membrane [62] . Scg3 also binds membrane-associated carboxypeptidase E (CPE) [63] . Both Scg3 and CPE bind the secretory granule membrane in a cholesterol-dependent manner and are localized similarly to the periphery of secretory granules [63] . Thus, Scg3 and CPE are laterally associated with each other on the secretory granule membrane. However, transport of Scg3 to secretory granules is not impaired in CPE-deficient cells [63] , suggesting that Scg3 is sorted to the secretory granules in a CPE-independent manner.
A previous study reported that single-nucleotide polymorphisms (SNPs) in the SCG3 gene are associated with obesity in humans [64] . It was suggested that these SNPs affect the secretion of neuropeptides, including neuropeptide Y and proopiomelanocortin, which in turn regulate appetite. However, mice with homozygous deletion of the Scg3 gene have no apparent defects in viability, fertility, locomotor behavior, or obesity [65] , suggesting that Scg3 is not essential for the secretion of many vital hormones. In this context, the role of Scg3 in secretory granule biogenesis may be functionally compensated by other granin family members.
A model for Scg3-mediated biogenesis of secretory granules was recently proposed by Hosaka and Watanabe [12] . Immature secretory granules or micro-aggregates, including prohormones and CgA, become tethered to a cholesterol-rich membrane domain in the TGN by Scg3, which simultaneously binds to CgA and cholesterol through different binding domains (Fig. 1c) . In parallel, processing enzymes (e.g., CPE) are also recruited to the raft-like microdomains of the TGN membrane. The cholesterol-rich domains join together to form a membrane platform on which the attached microaggregates gather to form larger aggregates. The specific interaction between Scg3 and CPE may help to strengthen this assembly. Meanwhile, prohormones in the premature aggregates are cleaved into small fragments by processing enzymes. Depending on the species and cell types, CgA and Scg3 may also be processed [20] [21] [22] . Eventually, the secretory granule of mature hormones and granin fragments is engulfed into a membrane compartment and further concentrated to form dense core aggregates (Fig. 1c) . This model is based on the binding activity of Scg3 to CgA, cholesterol, and CPE. Many detailed mechanistic steps in secretory granule biogenesis remain elusive. Mammalian Scg3, along with other proteins in the DCGs, is secreted with unknown fate for proteolytic cleavage and begins its next functional adventure as an extracellular regulator.
Scg3 and its family members as novel angiogenic and vascular leakage factors
In a separate line of research, our group developed the first technology of ligandomics for high-throughput identification of cell-wide ligands with simultaneous binding or functional activity quantification [66] [67] [68] . We applied ligandomics to a mouse model of diabetic retinopathy (DR) and identified Scg3 as an endothelial ligand with high binding activity to diabetic retinal vasculature [3] . Scg3 was independently verified as a novel angiogenic and vascular leakage factor by endothelial proliferation, migration, tube formation, spheroid sprouting, and permeability assays in vitro [3] .
Because several granins have been reported to be angiogenesis regulators or precursor regulators [7, 69] , such a role for Scg3 may not be surprising. Circulating full-length CgA and its cleaved peptide vasostatin-1 (CgA ) are potent inhibitors against angiogenesis and vascular leakage [70] [71] [72] . In contrast, CgA-derived catestatin (CgA 352-372 ) induces endothelial cell proliferation, migration, tube formation, and corneal angiogenesis by activating G protein, MAP kinase, and Akt pathways [73] . Interestingly, blood coagulation converts CgA into catestatin, instead of vasostatin-1, in a thrombin-dependent manner [70] . These findings suggest that circulating full-length CgA and related polypeptides form a delicate balance of anti-and pro-angiogenic factors tightly regulated by proteolysis. Thrombin activation in pathophysiological conditions may tip this balance from anti-angiogenesis to pro-angiogenesis. In normal plasma, circulating CgA and vasostatin-1 levels are typically at ~0.1 and ~0.3-0.4 nM, respectively [70] . The level of catestatin may vary widely, from 0.03 to 0.33 nM or even up to 1.5 nM [32, 74, 75] . It seems possible that this variation may be related to blood coagulation and thrombin-dependent conversion from CgA to catestatin under different pathophysiological conditions.
Scg2 is another granin that may regulate angiogenesis. Scg2-derived neuropeptide secretoneurin stimulates endothelial proliferation, migration, tube formation, and corneal angiogenesis by inducing Akt and EKR pathways [19, 76] . Secretoneurin also induces coronary angiogenesis in a rat model of myocardial infarction [77] . However, secretoneurin stimulates vascular endohtelial growth factor receptors (VEGFRs) in coronary endothelial cells, and secretoneurin-induced angiogenesis is abrogated by the antibody against vascular endothelial growth factor (VEGF). Furthermore, secretoneurin increases VEGF binding to endothelial cells, and this binding is blocked by heparanase [77] , suggesting that secretoneurin stimulates VEGF binding to heparan sulfate proteoglycans. Thus, secretoneurininduced angiogenesis is VEGF-dependent.
By contrast, Scg3 appears to be a VEGF-independent angiogenic factor [3] . For example, Scg3 does not upregulate VEGF expression and vice versa. Scg3 does not bind to or activate VEGFRs. These findings suggest that Scg3 and VEGF have distinct receptor signaling pathways.
Scg3 as a highly disease-selective angiogenic factor
Quantitative comparison of the entire ligandome profiles for diseased vs. healthy cells can globally map all diseaseassociated ligands, including ligands with increased (disease-high) or decreased (disease-low) binding activity in disease conditions. When applied to diabetic and healthy mice, comparative ligandomics systematically identified 353 diabetes-high and 105 diabetes-low retinal endothelial ligands (Fig. 2a, b) [3] . Among a total of 1772 identified ligands, Scg3 emerged as a DR-high ligand with the highest binding activity ratio to diabetic vs. control retina (1731:0 diabetic:control) and lowest binding activity to healthy vasculature (Fig. 2c) . Hepatoma-derived growth factorrelated protein 3 (Hdgfrp3 or HRP-3) was found as a DRlow ligand with decreased binding to diabetic retinal vessels (48:11,140). VEGF had minimal binding activity change (diabetes-unchanged) to the retina of 4-month-diabetic mice (408:2420). GFP as a negative control showed background binding activity (10:10). These binding activity changes in diabetic retina reflected up-and down-regulation of their cognate receptors that, in the case of Scg3 and HRP-3, have yet to be identified. The angiogenic activity of DR-high Scg3, DR-low HRP-3, and DR-unchanged VEGF in diabetic and healthy mice was independently characterized to establish the reliability of these binding activity profiling by comparative ligandomics [3] . Scg3 induced corneal angiogenesis in diabetic but not normal mice. HRP-3 stimulated corneal angiogenesis in normal but not diabetic mice. VEGF promoted angiogenesis in both diabetic and normal mice. These three distinct angiogenic activity patterns parallel their binding activity patterns in diabetic and healthy mice (Fig. 2c) [3] , strongly supporting the predicting value of comparative ligandomics.
Pathophysiology and molecular mechanisms of diabetic retinopathy
DR is a leading cause of vision loss in working adults, afflicting nearly 93 million people worldwide [78] . DR can be classified into two main stages: non-proliferative DR and proliferative DR (PDR) [79] . PDR is characterized by retinal neovascularization. Diabetic macular edema (DME) and PDR are the two major forms of vision-threatening DR.
The pathogenic mechanisms by which DR and other diabetic vascular complications (DVCs) develop are not fully understood. Hyperglycemia is the primary cause of DR and DVCs through multiple mechanisms, as summarized below.
The activities of protein kinase C (PKC) α, β, δ isoforms are upregulated in diabetic vascular tissues and have been implicated in DVCs. Knockout of PKCβ or PKCδ in mice alleviates retinal ischemia-induced proliferative retinopathy, retinal pericyte apoptosis, mesangial expansion, albuminuria, and atherosclerosis [80] [81] [82] [83] . Ruboxistaurin, a PKCβ-selective inhibitor, ameliorates DVCs in preclinical and clinical studies [83] [84] [85] [86] [87] .
High glucose can result in the formation of advanced glycation end products (AGEs), a heterogeneous group of products that derive from non-enzymatic glycation of proteins and lipids. AGEs not only alter protein structure and function but also bind to receptor for AGEs (RAGE). RAGE activates the pro-inflammatory transcription factor, NF-κB [88] . Overexpression of RAGE in type 1 diabetic mice conferred accelerated diabetic nephropathy [89] , and soluble RAGE without the transmembrane domain suppressed diabetic atherosclerosis [90] . These findings implicate the pathological role of RAGE in DVCs.
Intracellular high glucose increases the activity of the sorbitol/polyol pathway, which consumes nicotinamide adenine dinucleotide phosphate (NADPH) [91] . Cytosolic NADPH is necessary to maintain glutathione in its reduced form as a primary intracellular antioxidant. In addition, high glucose inhibits glucose 6-phosphate dehydrogenase, which catalyzes the first intermediary reaction in the pentose phosphate pathway as a primary source of NADPH [92] .
The consequences are decreased intracellular NADPH and increased oxidative stress.
Superoxide and other reactive oxygen species (ROS) in vascular cells play a prominent role in endothelial dysfunction. Mitochondrion is a major source of superoxide. High intracellular concentrations of glucose and glucose-derived pyruvate increase the activity of the tricarboxylic acid (TCA) cycle and the flux of electron donors (NADH and FADH 2 ) into the electron transport chain [93] . Coenzyme Q donates excess electrons to molecular oxygen, thereby generating superoxide. In addition, superoxide can be generated by NADPH oxidase, uncoupled endothelial nitric oxide synthase (eNOS), and xanthine oxidoreductase [94, 95] .
In addition to oxidative damage, ROS mediates signal transduction that can lead to disruption of endothelial adherens junctions and increased vascular leakage. Adherens junctions are regulated by β-catenin, vascular endothelial cadherin (VE-cadherin), and the actin cytoskeleton [96] . A recent study showed that hyperglycemia induces retinal vascular leakage by activating transglutaminase 2 (TGase2) through ROS [97] . VEGF stimulates TGase2 activity through sequential elevation of intracellular Ca 2+ and ROS in endothelial cells. ROS-mediated activation of TGase2 plays a key role in VEGF-induced retinal vascular leakage by stimulating stress fiber formation and VE-cadherin disruption [97] . VEGF can also promote vascular leakage through an ROS-independent pathway. VEGFR2-mediated Src kinase activation promotes phosphorylation of FAK kinase and β-catenin, thereby facilitating VE-cadherin-β-catenin dissociation and EC junctional breakdown [98] . Similarly, the expression of semaphorin 3A, a guidance cue for neuronal axons, is upregulated in diabetic retina. Semaphorin 3A binds the VEGF co-receptor neurophilin-1 (NRP1) to stimulate the phosphorylation of Src, FAK, and VE-cadherin, and increase vascular leakage [99] .
The Diabetes Control and Complications Trial (DCCT) and Epidemiology and Diabetes Interventions and Complications (EDIC) studies indicated that hyperglycemia may have long-lasting detrimental effects that are not responsive to subsequent intensive treatment, a phenomenon called "metabolic memory" [100, 101] . Changes in chromatin architecture that sensitize the genome to a diabetic milieu and cause chronic alternations in gene expression are increasingly implicated in metabolic memory of DR and other vasculopathies [102, 103] . These epigenetic regulations are mediated by covalent modifications of either DNA (e.g., cytosine methylation and hydroxymethylation) or histone proteins (e.g., acetylation, methylation, phosphorylation, and ubiquitination) [104] . However, recent studies in diabetic animals showed contradictory results for histone acetylation [105, 106] . One study found reduced global acetylation of retinal histones with activation of histone deacetylases (HDACs) and inhibition of histone acetylase (HAT), while another group showed a significant increase in retinal histone acetylation. The reasons for the discrepancy are unknown.
It is highly likely that multiple intracellular events may jointly contribute to the pathogenesis of DR and other DVCs. The relative importance of individual pathways to DR pathogenesis is not clear. The recent FDA approval of VEGF inhibitor ranibizumab for the treatment of all forms of DR suggests that anti-angiogenesis therapies can reverse some diabetic abnormalities of DR, including vascular leakage.
Molecular mechanisms of Scg3
The distinct binding and angiogenic activity patterns between Scg3 and VEGF in diabetic and control mice suggest that these two factors have different receptor signaling pathways [3] . Indeed, Scg3 does not bind VEGFR1 or VEGFR2, and it does not activate VEGFR2 [3] . Scg3 does not appear to cross talk with the VEGF pathway, and no evidence for any form of mutual or reciprocal regulation of expression levels was found [3] . Furthermore, Scg3 and VEGF activate different intracellular signaling pathways. VEGF induces the phosphorylation of MEK, ERK1/2, Akt, Src, and Stat3, whereas Scg3 activates MEK, ERK1/2 and Src kinases, but not Akt or Stat3 [3] . These findings suggest that Scg3 and VEGF bind to distinct receptors and induce different intracellular signaling pathways, which converge on MEK/ERK and Src to regulate angiogenesis and leakage (Fig. 3) . Interestingly, Scg3 promoted endothelial permeability when applied to either the upper or lower chambers of trans-well inserts, suggesting that the Scg3 receptor is expressed on luminal and abluminal surface. This is similar to VEGF receptors that are also expressed on both surfaces of endothelial cells [107] . The putative Scg3 receptor is minimally expressed on normal endothelium, but markedly upregulated by diabetes, leading to the dramatic increase observed for Scg3 binding to diabetic retinal vessels [3] . Precise Scg3 receptor identity and characterization is critical to substantiate the results on Scg3 disease selectivity. Scg3 receptor identity may also allow generation of an afliberceptlike decoy receptor as an alternative strategy for anti-Scg3 therapy of DR [108] .
Scg3 as a therapeutic target for vascular diseases
Given that VEGF inhibitors have limited therapeutic efficacy for DR [109, 110] , anti-Scg3 therapy with different mechanism of action could improve the efficacy of anti-VEGFresistant DR through alternative or combination therapy. To investigate the therapeutic potential of Scg3 for DR, we intravitreally injected either Scg3-neutralizing polyclonal or monoclonal antibody (mAb) into streptozotocin-induced diabetic mice. Both antibodies alleviated diabetic retinal vascular leakage [3] . The therapeutic activity of anti-Scg3 mAb to inhibit DR leakage was independently verified in Ins2 Akita mice with spontaneous diabetes. These results suggest that Scg3 plays an important role in diabetic retinal vascular leakage and that anti-Scg3 mAb may be further developed for clinical therapy of diabetic macular edema.
Diabetic rodents do not develop PDR, probably because of their relatively short lifespan. Mice with oxygen-induced retinopathy (OIR), a disease model of retinopathy of prematurity (ROP), are often used as a surrogate model of PDR. Both PDR and ROP are characterized by pathological RNV. Intravitreal injection of Scg3-neutralizing polyclonal antibody or mAb prevented RNV in OIR mice [3] . These results suggest that Scg3 exacerbates OIR pathogenesis and that anti-Scg3 mAb has the potential for the therapy of ROP and PDR. Similar to DR, Scg3 expression is not induced in OIR retina [3] . Based on the mechanistic models in Fig. 3 , the therapeutic activity of anti-Scg3 antibodies implies that Scg3 binding to OIR vessels may also increase. This notion is yet to be experimentally validated in OIR mice by comparative ligandomics. Nonetheless, it is more appropriate to call Scg3 "disease-associated or selective", but not "diseasespecific", angiogenic factor.
Of note, Scg2 was also identified as a DR-associated endothelial ligand by comparative ligandomics, albeit with relatively low binding to diabetic vessels (16:0 for diabetic:control) [3] . Furthermore, comparative ligandomics identified pleiotrophin as a DR-high angiogenic factor with relatively low disease selectivity (38:0 for diabetic:control) [3] . The therapeutic potential of pleiotrophin for DR and ROP was demonstrated in a recent study using pleiotrophinneutralizing antibodies [111] . These findings suggest that comparative ligandomics is capable of identifying different disease-selective angiogenic factors to facilitate biologic drug discovery and development.
A new trend to develop disease-selective angiogenesis blockers
To date, nearly all the conventional angiogenic factors were discovered and verified based on their functional activity on normal vessels, and therefore, their agonists and antagonists target both normal and diseased vessels. For example, VEGF is markedly upregulated in the vitreous fluid of PDR patients by 36-110-fold, whereas its receptor VEGFR1 is induced only by ~1.5-fold [112, 113] .
A new trend for anti-angiogenesis drug development is to target angiogenic pathways with high disease selectivity. For instance, a previous study found that CCR3, a G proteincoupled receptor (GPCR) for C-C chemokine ligands, was specifically expressed in choroidal neovascular endothelial cells with undetectable expression in normal vessels [114] . Anti-CCR3 antibodies and small-molecule antagonists inhibited choroidal neovascularization (CNV) induced by laser photocoagulation [114, 115] . However, CCR3 was not upregulated in the animal model of Matrigel-induced CNV, and therapeutic activity of CCR3 inhibitors was not detected in this disease model [116] . CCR3 is also highly expressed on normal eosinophils [117] , and ablation of the CCR3 gene dysregulates the trafficking of eosinophils [118] . A recent study suggests that systemic inhibition of CCR3 may be required for CNV therapy [115] . Unfortunately, phase I clinical trial of a CCR3 antagonist was terminated [119] , probably due to safety, a major setback to develop a diseaseselective angiogenesis blocker. As a result, the advantages of this partially selective angiogenesis blocker have never been fully assessed in patients.
Besides angiogenic factors and their receptors, searches for disease-associated therapeutic targets have been extended to other cell surface and intracellular signaling pathways. One example is that a prion-like protein doppel was uncovered as a tumor endothelial cell-specific surface marker [120] . Doppel overexpression enhanced tumor angiogenesis by promoting VEGFR2 activation [121] . An orally active doppel-binding glycosaminoglycan was successfully developed to target tumor angiogenesis but spare physiological angiogenesis in mice [121] . This tumor-specific angiogenesis blocker has the potential advantage for targeted cancer therapy.
In another study, RUNX1, also called Aml1 or Cbfa2, was identified as a diabetes-associated angiogenic transcriptional factor by differential transcriptome analysis [122] . RUNX1 is markedly upregulated in retinal endothelial cells of PDR patients or OIR mice. Ro5-3335, an inhibitor of RUNX1, significantly inhibited OIR-induced pathological RNV. Thus, therapy targeting RUNX1 may also offer the similar advantage for targeted therapy of DR and ROP.
Like CCR3, Scg3 was discovered as a highly diseaseassociated angiogenic factor with undetectable binding or angiogenic activity in normal vessels but augmented binding to diseased vessels. Perhaps, the reason why Scg3 has been largely ignored as a cellular ligand for so long is because of its very low binding and angiogenic activity to normal vessels. Because of the disease selectivity, Scg3-neutralizing antibodies could be considered disease-selective angiogenesis blockers (Fig. 4) , in some ways similar to selective β adrenergic blockers, for targeted therapy with minimal adverse effects on normal vessels. This advantage is especially important to ROP where therapy is required to block pathological but not physiological/developmental angiogenesis or vasculogenesis. ROP is the most common cause of vision loss in children that currently lacks an approved drug therapy [123] . Anti-VEGF drugs have been approved for other vascular diseases but not ROP. VEGF plays a critical role in vasculogenesis, and VEGF inhibitors can cause severe adverse effects in neonatal or premature retina in animals and humans [124] [125] [126] . Indeed, such side effects are predicted from the phenotypes of embryonic lethality in mice with heterozygous VEGF gene ablation [127] . This is in sharp contrast to the normal phenotype of Scg3 -/-mice [65] . Therefore, we predict that anti-Scg3 antibodies for ROP therapy will be effective and safe because of its disease selectivity.
Perspectives
Scg3 is a multifunctional protein. It not only functions as a vesicle protein to regulate the biogenesis of secretory granules but also moonlights as an angiogenic factor. In contrast to many other conventional angiogenic factors, Scg3 is a highly selective angiogenic factor. With the emergence of comparative ligandomics technology, systematic identification of more such endothelial ligands with high disease-selective binding activity is feasible for the first time. Given the high disease selectivity of Scg3, its inhibitors may become the founding members for a new class of selective angiogenesis blockers. The potential of such reagents is supported by strong preclinical results in mice. Future endeavors should be channeled towards obtaining preclinical data in large animals and clinical studies to define the advantages of such selective inhibitors for targeted anti-angiogenesis therapy. Fig. 4 Non-selective vs. selective angiogenesis blockers. The receptors for selective angiogenic ligands (e.g., Scg3) are expressed only on the diseased but not normal endothelium, whereas the receptors for non-selective angiogenic factors (e.g., VEGF) are expressed on both diseased and normal endothelium. Selective angiogenesis blockers preferentially exert therapeutic activity on diseased vessels with minimal adverse effects on normal vessels. In contrast, non-selective angiogenesis blockers have therapeutic and detrimental effects on diseased and normal vasculature simultaneously
